During cell division, accurate chromosome segregation is tightly regulated by Polo-like kinase 1 (PLK1) and opposing activities of Aurora B kinase and protein phosphatase 1 (PP1). However, the regulatory mechanisms underlying the aforementioned hierarchical signaling cascade during mitotic chromosome segregation have remained elusive. Sds22 is a conserved regulator of PP1 activity, but how it regulates PP1 activity in space and time during mitosis remains elusive. Here we show that Sds22 is a novel and cognate substrate of PLK1 in mitosis, and the phosphorylation of Sds22 by PLK1 elicited an inhibition of PP1-mediated dephosphorylation of Aurora B at threonine 232 (Thr 232 ) in a dose-dependent manner. Overexpression of a phosphomimetic mutant of Sds22 causes a dramatic increase in mitotic delay, whereas overexpression of a non-phosphorylatable mutant of Sds22 results in mitotic arrest. Mechanistically, the phosphorylation of Sds22 by PLK1 strengthens the binding of Sds22 to PP1 and inhibits the dephosphorylation of Thr 232 of Aurora B to ensure a robust, error-free metaphase-anaphase transition. These findings delineate a conserved signaling hierarchy that orchestrates dynamic protein phosphorylation and dephosphorylation of critical mitotic regulators during chromosome segregation to guard chromosome stability.
During cell division, accurate chromosome segregation is tightly regulated by Polo-like kinase 1 (PLK1) and opposing activities of Aurora B kinase and protein phosphatase 1 (PP1). However, the regulatory mechanisms underlying the aforementioned hierarchical signaling cascade during mitotic chromosome segregation have remained elusive. Sds22 is a conserved regulator of PP1 activity, but how it regulates PP1 activity in space and time during mitosis remains elusive. Here we show that Sds22 is a novel and cognate substrate of PLK1 in mitosis, and the phosphorylation of Sds22 by PLK1 elicited an inhibition of PP1-mediated dephosphorylation of Aurora B at threonine 232 (Thr 232 ) in a dose-dependent manner. Overexpression of a phosphomimetic mutant of Sds22 causes a dramatic increase in mitotic delay, whereas overexpression of a non-phosphorylatable mutant of Sds22 results in mitotic arrest. Mechanistically, the phosphorylation of Sds22 by PLK1 strengthens the binding of Sds22 to PP1 and inhibits the dephosphorylation of Thr 232 of Aurora B to ensure a robust, error-free metaphase-anaphase transition. These findings delineate a conserved signaling hierarchy that orchestrates dynamic protein phosphorylation and dephosphorylation of critical mitotic regulators during chromosome segregation to guard chromosome stability.
During mitosis, deregulation of the faithful chromosomal segregation will result in aneuploidy of daughter cells, which further promotes chromosomal instability and tumorigenesis (1) . To achieve faithful chromosome segregation during cell division, the kinetochores of replicated chromatids need to attach to opposite poles of the mitotic spindle. Bipolar attachment of spindle microtubules to kinetochores is monitored by the spindle assembly checkpoint (SAC) 6 and dynamically regulated by phosphorylation and dephosphorylation to allow correction of improper attachment and stabilization of correct attachments (2) (3) (4) . Key elements of this regulation are PLK1, Aurora B, and PP1/Sds22, whose opposing activities need to be tightly balanced (5) (6) (7) .
Aurora B is the catalytic subunit of chromosome passenger complex, which regulates chromosome condensation, correction of erroneous kinetochore-microtubule attachments, activation of the SAC, and cytokinesis (8) . During mitotic spindle assembly, centromere-localized Aurora B destabilizes kinetochore-microtubule interactions that are under low mechanical tension (2, 9) by phosphorylating several components of the outer kinetochore, including NDC80/Hec1, KNL-1, and Dsn1 (3, 10) . The Aurora B-mediated error correction is important for bipolar attachment of all chromosomes, which satisfies the SAC to initiate anaphase (11, 12) .
PLK1 is a critical serine/threonine kinase that regulates multiple stages of mitosis (13, 14) . PLK1 controls multiple events in mitosis such as mitotic entry, centrosome maturation, bipolar spindle formation, stable microtubule-kinetochore attachment, cohesion dissociation, chromosome alignment and segregation, and cytokinesis (14) . PLK1 is overexpressed in many human tumors and is associated with tumorigenesis (15) . It has been recently reported that PLK1 phosphorylates the N terminus of Haspin, leading to its activation and resulting in the phosphorylation of the threonine 3 on histone H3 tail (H3T3) (16, 17) . Then H3pT3 is recognized by the chromosome passenger complex, resulting in cluster-mediated autophosphorylation and autoactivation of Aurora B (18, 19) . In addition, priming phosphorylation of Survivin Ser(P) 20 by PLK1
is critical for orchestrating Aurora B activity in centromeres, which is essential for accurate chromosome segregation and faithful completion of cytokinesis (20) .
Phosphatase specificity of PP1 is achieved through association with accessory subunits that control the specificity and selectivity via spatial localization of PP1 related to its cognate substrates. PP1 has multiple binding partners that determine its localization, specificity, and activity of PP1 in cellular dynamics and plasticity during interphase and mitosis (21) . In prometaphase and metaphase, PP1 (in mammals isoforms ␣, ␤, and ␥) localizes to kinetochores (7, (22) (23) (24) (25) , mostly through binding to the RVXF motif of the outer kinetochore protein KNL1 (7) .
Sds22 (also called Sds22p in yeast or PPP1R7) was originally identified in fission yeast using high copy suppression of Schizosaccharomyces pombe dis2 (26) . It is a highly conserved, essential protein that physically interacts with PP1 in yeasts and metazoans (27, 28) . Sds22 interacts with PP1 through leucinerich repeats (LRRs), a non-canonical PP1-binding motif composed of an extended helix configuration (29) . Sds22 localizes to kinetochores and regulates recruitment of PP1 (23) . Upon cellular depletion of Sds22, Aurora B autophosphorylation at Thr 232 in the activation loop and unbalanced Aurora B activity is increased during establishment of bipolar attachment (23) . During anaphase, Sds22 is required to stabilize kinetochorespindle attachment (30, 31) . However, whether Sds22 localizes to kinetochores remains elusive (7, 32) .
Despite the obvious importance of PP1/Sds22 for chromosome segregation, their localization at the kinetochore and their functional relationship to Aurora B remain obscure. Additionally, it was unclear whether and how PLK1, Aurora B, and PP1/Sds22 cooperate at the centromere during mitosis.
In this study, we delineate a novel regulatory mechanism underlying Aurora B kinase activation through the phosphorylation of Sds22 by PLK1. Our biochemical and cellular characterization demonstrates that Sds22 is a substrate of PLK1 in mitosis, which is critical for orchestrating the activity of PP1 and Aurora B at the centromere and accurate chromosome segregation. Our study sheds light on the mechanism of Aurora B regulation through PLK1 and PP1/Sds22 in mitosis.
Results

PLK1 Interacts with and Phosphorylates
Sds22-Sds22 is a kinetochore-related protein and plays a key role in faithful mitosis (23, 30 -32) . Given that, we sought to examine whether Sds22 physically interacts with any other components of the kinetochore. To this end, we carried out a yeast two-hybrid assay to screen Sds22-interacting proteins. Specifically, all candidate kinetochore protein cDNAs were cloned into BD vectors and co-transfected with AD-Sds22, followed by growth selection. As shown in Fig. 1A , co-transfection of AD-Sds22 with BD-PLK1 rescued the transcription of the reporter gene in the yeast strain, whereas no complementary effect was observed between AD-Sds22 and BD-Mad1/Mad2/Sgo1/CENP-H. Thus, our yeast genetic screen suggested that PLK1 is a potential interacting protein physically bound to Sds22.
To examine whether PLK1 forms a cognate complex with Sds22 in cells, we carried out an immunoprecipitation assay using lysates from HEK293T cells transiently transfected to express FLAG-PLK1 (WT and kinase-deficient mutant (KD)) and Sds22-GFP (Fig. 1B) . Western blotting analyses demonstrated that FLAG-PLK1 (WT and KD) interacts with Sds22-GFP but not GFP (Fig. 1B) . To identify which domain of PLK1 physically binds to Sds22, we carried out an immunoprecipitation assay using lysates from HEK293T cells transiently transfected to express FLAG-Sds22 and GFP-PLK1 and its deletion mutants, as illustrated in Fig. 1C . Western blotting analyses validated that both the PLK1 kinase domain (PLK1-N) and Polo-binding domain (PBD; PLK1-C) physically interact with Sds22 (Fig. 1D) . Immunoprecipitation of mitotic cell lysates with an anti-PLK1 mouse antibody pulled down endogenous Sds22 (Fig. 1E, (34 -37) . To uncover the PLK1-elicited phosphorylation sites of Sds22 in mitosis, we carried out mass spectrometric identification of potential phosphorylation sites of Sds22 isolated from mitotic HeLa cells in the presence and absence of a selective PLK1 inhibitor BI 2536 (20) . Specifically, aliquots of HeLa cells were transiently transfected to express FLAG-Sds22 for 24 h followed by nocodazole synchronization (100 ng/ml for 18 h). Mitotic HeLa cells were collected by shake-off followed by incubation with 10 nM BI 2536 or DMSO for 30 min in the presence of 20 M MG132. Cell lysates were then generated and clarified for immunoprecipitation as described (20) . As shown FIGURE 1. PLK1 interacts with and phosphorylates Sds22. A, yeast cells were co-transformed with an Sds22 prey construct and the indicated kinetochore protein bait constructs (PLK1, Mad2, Mad1, Sgo1, and CENP-H). An example of such an experiment in which cells were selected on supplemented minimal plates lacking adenine, tryptophan, leucine, and histidine is presented. B, aliquots of HEK293T cells were transiently transfected to express Sds22 with wild type PLK1 (PLK1 WT ) and kinase-deficient mutant of PLK1 (PLK1 KD ). 36 h after transfection, the cells were lysed and precipitated with FLAG-agarose. The beads were washed and boiled in 1ϫ SDS-PAGE sample buffer prior to electrophoresis. Western blotting analyses confirmed the co-precipitation of PLK1 with Sds22. C, schematic illustration of human PLK1 functional domain. D, the co-precipitation assay revealed that Sds22 binds to PLK1 full-length (PLK-FL), kinase domain (PLK1-N), and PBD (PLK1-C). Note that the PBD domain showed higher binding efficiency than the kinase domain. E, PLK1 immunoprecipitates from nocodazole-synchronized HeLa cells were immunoblotted with antibodies against PLK1, Sds22, and BubR1. Note that PLK1 immunoprecipitation brought down Sds22 and BubR1. F, Sds22 is a substrate of PLK1 in vivo. HeLa cells transfected with FLAG-Sds22 were arrested at prometaphase using nocodazole. The mitotic cells were collected and divided into two groups: one was treated with DMSO, and the other was treated with the PLK1 inhibitor BI 2536 (10 nM) for 30 min in the presence of 20 M MG132. The cells were lysed after being pelleted and washed with PBS. The cell lysates clarified by centrifugation were incubated with FLAG M2 beads at 4°C with an end to end mixing for 3 h. After incubation, the FLAG M2 beads immunoprecipitated with FLAG-Sds22 proteins were washed and then boiled in 1ϫ SDS-PAGE sample buffer. The bound FLAG-Sds22 proteins were separated on an SDS-PAGE for CBB staining. The indicated two FLAG-Sds22 bands were cut from the SDS-PAGE gel for phosphorylation sites identification using two-dimensional LC/MS techniques. G, Sds22 is a substrate of PLK1 in vitro. Bacterial expression of recombinant MBP-Sds22 fusion proteins were phosphorylated in vitro using [␥- 32 P]ATP and active PLK1 as described under "Materials and Methods." The samples were separated by SDS-PAGE. Left panel, CBB-stained gel of samples of MBP-Sds22
WT plus PLK1, and MBP-Sds22 5A plus PLK1. Right panel, the same gel was dried and subsequently exposed with x-ray film. Note that there was dramatic incorporation of 32 P into wild type Sds22 but little into the mutant Sds22 or MBP.
in Fig. 1F , FLAG-Sds22 proteins were immunoisolated from DMSO-and BI 2536-treated HeLa cells. Sds22 protein bands, from DMSO-and BI 2536-treated cells, were removed for ingel digestion followed by mass spectrometric identification (12 Phosphorylation of Sds22 Is Critical for Accurate Mitotic Progression-To examine the role of PLK1-mediated phosphorylation of Sds22 in mitosis, we generated non-phosphorylatable and phosphomimetic Sds22 mutants tagged with GFP, which were transiently transfected into HeLa cells together with mCherry-H2B. Comparison of expression levels of exogenous and endogenous Sds22 were shown in Fig. 2A . Real time analyses of transfected HeLa cell preparations showed that nonphosphorylatable and phosphomimetic mutants of Sds22 (Sds22 5A and Sds22 5D ) interfere with mitotic progression, compared with the exogenously expression of Sds22 WT (Fig. 2B ).
Expression of Sds22
5A -GFP resulted in a typical mitotic arrest phenotype (the chromosomes did not align along the equatorial plane more than 1 h from nuclear envelope breakdown (NEBD)) ( Fig. 2 , B, middle panel, and C), and expression of Sds22 5D -GFP resulted in a typical mitotic delay phenotype in which misaligned chromosome finally congressed to metaphase plate but failed to segregate (Fig. 2B , lower panel). Our statistical analyses show that alternation of PLK1-elicited Sds22 phosphorylation perturbed accurate chromosome segregation ( Fig. 2C ; **, p Ͻ 0.01).
To minimize the interference of the endogenous Sds22 with exogenously expressed Sds22 proteins in mitosis, we transiently transfected Sds22 siRNA together with GFP-tagged Sds22 and mCherry-H2B into HeLa cells. Expression levels of exogenous Sds22 were shown in Fig. 2D . Analyses of endogenous Sds22 protein level showed the knockdown efficiency of Sds22 siRNA (Fig. 2D) . Real time analyses of the transfected HeLa cells showed that compared with the exogenous expression of Sds22-GFP showing a normal mitotic phenotype (Fig. 2 , E, top panel, and F), expression of Sds22 5A -GFP resulted in a typical mitotic arrest phenotype (the chromosomes did not align along the equatorial plane more than 1 h from NEBD) (Fig.  2 , E, middle panel from 00:30 to 02:30, and F), and expression of Sds22 5D -GFP resulted in a typical mitotic delay phenotype (after more than 30 min, the aligned chromosomes along the equatorial plane could not separate) (Fig. 2 , E, bottom panel from 00:55 to 01:40, and F). Thus, we conclude that PLK1-mediated phosphorylation of Sds22 is critical for mitotic progression.
Phosphorylation of Sds22 Promotes Aurora B Kinase Activity-Given that the Sds22 mutants caused mitotic arrest and mitotic delay phenotypes and the major difference between unaligned and aligned chromosomes is the phosphorylation of a series of outer kinetochore proteins by Aurora B in a tensionregulated manner (38), we therefore asked whether the Sds22 mutants influenced the Aurora B activity. Indeed, compared with Sds22
5A -GFP, overexpression of Sds22 WT -GFP and Sds22 5D -GFP exhibits higher intensity of CENP-A Ser(P) 7 (a marker of Aurora B activity) staining on the kinetochores, indicating that Sds22 5A decreases Aurora B activity (Fig. 3 , A and B). To exclude the effects of the endogenous PLK1 and Sds22 in mitosis, we transiently transfected GFP-Sds22 wild type and mutants in PLK1-depleted and Sds22-depleted HeLa cells. Quantitative analyses showed that compared with Sds22 5D -GFP, in PLK1 shRNA-transfected HeLa cells, overexpression of Sds22-GFP and Sds22 5A -GFP produced weaker CENP-A Ser(P) 7 staining on the kinetochores, implying that Sds22
5D
increases Aurora B activity (Fig. 3, C and D) . Expression protein levels of wild type, non-phosphorylatable and phosphomimetic Sds22 were comparative (Fig. 3E) . Compared with Sds22 5A -GFP, in Sds22-depleted HeLa cells, overexpression of Sds22 WT -GFP and Sds22 5D -GFP produced stronger CENP-A Ser(P) 7 staining on the kinetochores, indicating that expression of non-phosphorylatable Sds22 suppresses Aurora B activity (Fig. 3, F and G) .
The kinetochore localization of Sds22 remains controversial (7, 32) , live cell imaging and immunofluorescence results showed that the kinetochore localization of Sds22 was not obvious (Figs. 2, B and E, and 3, A, C, and F). To validate that the Sds22 function seen above is kinetochore-centric, we engineered kinetochore-localized Sds22 by fusing wild type Sds22 and its mutants to Hec1-mCherry (39, 40) . To confirm that phosphomimetic Sds22 promotes Aurora B activity, aliquots of FIGURE 2. Phosphorylation of Sds22 is critical for mitotic progression. A, the expression levels of Sds22
WT -GFP, Sds22 5A -GFP, and Sds22 5D -GFP in HeLa cells co-transfected with mCherry-H2B. Cells were collected at 48 h after transfection and analyzed by Western blots using indicated antibodies. Tubulin served as loading control. B, live cell imaging of chromosome movements in HeLa cells expressing wild type and mutant Sds22. Aliquots of HeLa cells were transiently transfected to express various GFP-tagged Sds22 plasmids with mCherry-H2B. 36 h after transfection; images were acquired at the indicated time points. Note that expression of Sds22 5A -GFP resulted in mitotic arrest phenotype, and expression of Sds22 5D -GFP resulted in mitotic delay phenotype. Scale bar, 10 m. C, statistical analyses of mitotic phenotypes as in B. Error bars represent means Ϯ S.E.; Ͼ20 cells of each category from three independent preparations. Student's t test was used to calculate p value for comparison. **, p Ͻ 0.01. D, the expression levels of Sds22 WT -GFP and its mutants in endogenous Sds22-depleted HeLa cells. Cells were collected at 48 h after transfection and analyzed by Western blots using indicated antibodies. Tubulin served as loading control. E, live cell imaging of chromosome movements in Sds22 depleted HeLa cells expressing wild type and mutant Sds22 proteins. Note that in Sds22-depleted HeLa cells, expression of Sds22 5A -GFP resulted in mitotic arrest phenotype, and expression of Sds22 5D -GFP resulted in mitotic delay phenotype. Scale bar, 10 m. F, statistical analyses of mitotic phenotypes seen in live cell imaging as in E. Error bars represent means Ϯ S.E.; Ͼ20 cells of each category from three independent preparations. Student's t test was used to calculate p value for comparison. ***, p Ͻ 0.001.
HeLa cells were transiently transfected to express Hec1-mCherry-Sds22 in the presence of Sds22 siRNA. As shown in Fig. 3H , all three Hec1-mCheery-Sds22 proteins were localized to kinetochore. Consistent with overexpression experiments, Aurora B kinase activity is highest in Hec1-mCherry-Sds22 5D -expressing cells judged by the fluorescence intensity of Ser(P) 7 -CENP-A (Fig. 3G) . The fluorescence intensity of Ser(P) 7 -CENP-A is minimized in Hec1-mCherry-Sds22
5A -expressing cells. Quantitative analyses of normalized Ser(P) 7 -CENP-A level showed that, compared with Hec1-mCherry-Sds22 5A , in Sds22-depleted HeLa cells, overexpression of Hec1-mCherrySds22
WT and Hec1-mCherry-Sds22 5D produced higher levels of Aurora B activity at the kinetochore marked by CENP-A Ser(P) 7 staining, suggesting that kinetochore targeted Sds22 5A decreases Aurora B activity ( Fig. 3I ; p Ͻ 0.001). Western blotting analyses confirmed that expression protein levels of three Hec1-mCherry-Sds22 constructs were comparable, whereas the endogenous levels in the Hec1-mCherry-Sds22-expressed cells were suppressed (Fig. 3J ).
It has been recently proposed that PLK1 is critical for orchestrating Aurora B activity in centromere through Haspin-H3T3-Survivin signaling axis (16 -20, 41) . To examine whether the phosphorylation of Sds22 by PLK1 retains Aurora B kinase activity, we sought to monitor Aurora B activity at the centromere using FRET-based sensors that report quantitative changes in substrate phosphorylation. We adapted a sensor design in which changes in intramolecular FRET between cyan and yellow fluorescent proteins (CFP-YFP) depends on changes in phosphorylation of an Aurora B substrate peptide that is conserved among members of the kinesin-13 family (20) . To mimic the localization of endogenous Aurora B substrate (8), the sensor was targeted to centromere (CENP-B fusion; Fig. 4 , B and C). To validate the sensor response to changes in Aurora B activity, we imaged mitotic cells after kinase inhibition (experimental scheme in Fig. 4A ). The FRET/CFP emission ratio of the sensor increased after treatment with a selective Aurora B inhibitor Hesperadin (Fig. 4B) , consistent with the previous reports (20, 38) .
Given that PLK1-mediated phosphorylation of Sds22 increases Aurora B activity, we next examined whether inhibition of PLK1 reduces Aurora B activity. As shown in Fig. 4 (B   and D) , the addition of PLK1 kinase inhibitor BI 2536 resulted in a dramatic reduction of phosphorylation of the sensor in centromere, supporting the notion that PLK1 kinase is critical for activating Aurora B at the centromere. To examine whether PLK1 phosphorylation toward Sds22 is important for Aurora B activity, we measured centromeric Aurora B activity in cells expressing the wild type Sds22 and its phospho-mutants. As predicted, expression of mCherry-Sds22 5A resulted in a reduction of centromeric Aurora B kinase activity judging by an increased FRET/CFP emission ratio (Fig. 4C) . In contrast, expression of mCherry-Sds22 5D decreased the FRET/CFP emission ratio, demonstrating that centromeric Aurora B kinase activity is a function of PLK1-phosphorylated Sds22 (Fig.  4, C and D) . Importantly, this Sds22 5D -elicited Aurora B kinase activity is minimized by Hesperadin treatment (Fig. 4C, bottom  panel) . Our statistical analyses of the FRET/CFP emission ratio, from more than 20 cells per categories, indicate that overexpression of mCherry-Sds22 5A decreases Aurora B activity at the kinetochore.
We next examined the phosphorylation of Aurora B endogenous substrates using phospho-specific antibodies against Ser(P) 7 -CENP-A in cells expressing the wild type Sds22-GFP and its mutants. As shown in Fig. 4E , the band intensity of Ser(P) 7 -CENP-A is minimal under treatment with Hesperadin. Quantitative analyses indicated that expression of non-phosphorylatable Sds22
5A -GFP resulted in 50% reduction of Aurora B activity compared with that of phospho-mimicking Sds22 5A -GFP-expressing cells judged by the level of Ser(P) 7 -CENP-A (Fig. 4F) . Thus, these data demonstrate that PLK1-mediated phosphorylation of Sds22 is an important factor for sustaining Aurora B activity during the process of chromosome alignment in mitosis.
Phosphorylation of Sds22 Inhibits PP1 Activity-Recent studies suggest that the binding of Sds22 to PP1 at the kinetochore negatively regulates PP1-mediated dephosphorylation of Aurora B, affecting Aurora B activity (32) . Conversely, our data suggest that PLK1-mediated phosphorylation of Sds22 increases Aurora B activity. To examine whether PLK1-mediated phosphorylation of Sds22 influences its binding to PP1, MBP pulldown assays were performed using MBP-Sds22 as an affinity matrix to isolate GST-PP1␥. As shown in Fig. 5A , com- pared with MBP-Sds22 5A , MBP-Sds22 WT , and MBP-Sds22 5D exhibited higher binding efficiency with GST-PP1␥. To determine whether it is the same in cells, anti-FLAG immunoprecipitation assays were performed. Anti-GFP immunoblots confirmed that, compared with Sds22 5A -GFP, Sds22 WT -GFP and Sds22 5D -GFP showed higher binding efficiency with FLAG-PP1␥ (Fig. 5B) .
To confirm whether there is a direct link between PLK1-mediated phosphorylation of Sds22 and PP1, we reconstituted PP1␥-mediated dephosphorylation of Aurora B in vitro. We purified recombinant GST-tagged Aurora B, which is active and autophosphorylated at Thr 232 (42, 43) . Aurora B was incubated with purified PP1 either alone or with increasing concentrations of Sds22, as described previously (32) . Incubation with PP1 alone led to a notable decrease of Thr(P) 232 signal, demonstrating that PP1 directly dephosphorylates Aurora B at Thr 232 ( Fig. 5C ), consistent with a previous report (32) . Importantly, addition of Sds22 WT and Sds22 5D significantly blocked Aurora B dephosphorylation in a dose-dependent manner, whereas Sds22 5A did not exhibit regulatory effect (Fig. 5C ). The kinetics data were plotted in the Michaelis-Menten format with velocity versus concentration of casein (Fig. 5D ) and in the double reciprocal format with 1/velocity versus 1/concentration of Aurora B (Fig. 5E ). On the basis of a Lineweaver-Burk analysis, the calculated K m was 0.013 Ϯ 0.002 for 5A and 0.03 Ϯ 0.002 for the 5D mutant. The enzymatic analyses indicate that pPLK1-mediated phosphorylation of Sds22 inhibits PP1-mediated dephosphorylation of Aurora B at Thr 232 .
Discussion
Proper chromosomal oscillation and kinetochore microtubules dynamics ensures precise chromosome bi-orientation and faithful chromosome segregation in mitosis. Our studies revealed that PLK1 physically interacts with Sds22, both in vitro and in vivo, and that Sds22 is a cognate substrate of PLK1 in mitosis. The PLK1-mediated phosphorylation of Sds22 promotes the kinase activity of Aurora B in vivo. Importantly, the dynamic regulation of Sds22 phosphorylation by PLK1 is essential for accurate chromosome segregation as perturbation of Sds22 phosphorylation dynamics causes severe defects in chromosome segregation during mitosis. Our study provides a novel insight into a better understanding of PLK1-Sds22/PP1-Aurora B feedback loop in regulating microtubule dynamics and chromosome attachment error correction during cell division as illustrated in our working model Fig. 5F . Functional PP1 holoenzyme consists of a catalytic subunit and a regulatory subunit. Early studies suggested that most regulatory subunits contain the sequence motif RVX(F/W). More recently, systematic analysis of the docking peptides that combined biochemistry with molecular dynamics gave rise to a refined consensus sequence of (H/K/R)(A/C/H/K/M/N/Q/R/ S/T/V)(V)(C/H/K/N/Q/R/S/T)(F/W) (44) . However, Sds22 binds to PP1 through a non-canonical PP1-binding motif LRR rather than the RVX(F/W) motif (29) . It would be of great interest in the future to delineate the structure-activity relationship of Sds22-PP1 at the kinetochore and the PLK1-elicited regulation described here.
It should be noticed that most of the phosphorylation sites of Sds22 (Ser 24 , Ser 27 , Ser 44 , and Ser 47 ) by PLK1 lie outside of the LRR, the PP1-binding motif. Definitely, further work should be done to investigate whether PLK1-mediated phosphorylation of Sds22 promotes its binding to PP1 through conformational change wherein PP1-binding motif was exposed after phosphorylation.
It is noteworthy that PLK1-Sds22 interaction may also orchestrate the anaphase events, because perturbation of Sds22 resulted in aberrant polar relaxation and chromosome instability phenotypes (30, 31) . Because numerous studies argued that Sds22 remains on kinetochores throughout anaphase when PLK1 has relocated to central spindle and midzone, it would be of central importance to identify the elements responsible for Sds22 distribution at the kinetochore during chromosome segregation during cell division and the spatiotemporal dynamics of PP1-Sds22 interaction during kinetochore attachment error correction process.
Taken together, we propose that dynamic phospho-regulation of Sds22 by PLK1 establishes sustaining Aurora B activity for kinetochore attachment error correction via minimizing PP1-elicited dephosphorylation of Aurora B at Thr 232 . It is likely that multiple mitotic kinase cascades coordinate to orchestrate faithful chromosome segregation in mitosis. The PLK1-Sds22/PP1-Aurora B axis established here is a core of this dynamic molecular society that links accurate mitotic progression to chromosome stability during cell division.
Materials and Methods
Plasmids-To generate GFP-tagged Sds22 and mutants, PCR-amplified cDNA was cloned into pEGFP-N3 vector (Clontech). GFP-tagged PLK1 full-length and truncations were inserted into pEGFP-C2 vector (Clontech). The bacterially expressed constructs of Sds22 were cloned into pMal-C2 vector (New England Biolabs). Bacterially expressed constructs of PP1␥ and Aurora B were cloned into pGEX-6P-1 (GE Healthcare). To generate FLAG-tagged protein, PLK1, PP1␥, and Sds22 cDNA were inserted into the p3ϫFLAG-myc-CMV-24 vector (Sigma-Aldrich). mCherry-H2B fusion protein was FIGURE 4. Phosphorylation of Sds22 by PLK1 is essential for Aurora B kinase activity. A, schematic illustration of experimental design. B, HeLa cells expressing the centromere-targeted Aurora B kinase sensor were imaged at metaphase. Aurora B kinase sensor is responsive to Aurora B inhibitor Hesperadin. PLK1 inhibitor BI 2536 also modulates Aurora B kinase activity in mitosis. Scale bar, 10 m. C, HeLa cells expressing the centromere-targeted Aurora B kinase sensor and mCherry-Sds22
WT and its mutants were imaged at metaphase. Aurora B kinase sensor is responsive to mCherry-Sds22 5A . Scale bar, 10 m. D, statistical analyses of the FRET/CFP emission ratio as in B and C indicate that mCherry-Sds22 5A decreases Aurora B activity. Error bars represent means Ϯ S.E.; Ͼ20 cells of each categories from three different preparations. Student's t test was used to calculate p value for comparison. *, p Ͻ 0.05; **, p Ͻ 0.01. E, Western blotting analysis of the level of Ser(P) 7 -CENP-A indicates that expression of Sds22 5A suppresses Aurora B kinase activity. F, statistical analyses of band intensity of CENP-A Ser(P) 7 as in E indicate that expression of Sds22 5A decreases Aurora B activity. Western blot signal intensities were quantified using ImageJ software. The average protein band intensities were measured, and the background intensities were subtracted. The CENP-A Ser(P) 7 intensities were then normalized against CENP-A values to account for any variations in immunoblot acquisition. Error bars represent means Ϯ S.E. from three different preparations. Student's t test was used to calculate p value for comparison. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. SEPTEMBER 30, 2016 • VOLUME 291 • NUMBER 40
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cloned into pcDNA3.1-B vector. Hec1-mCherry-Sds22 was created by inserting the human Sds22 at the C terminus of mCherry and Hec1 at the N terminus of mCherry in vector pCDNA3.1, according to the procedures described previously (39) . All plasmid constructs were sequenced for verification.
Yeast Two-hybrid Assay-Yeast two-hybrid assays were performed as described previously (45) . Briefly, Sds22 cDNA was inserted into the pGADT7 vector to create a fusion with amino acids 768 -881 of the GAL4 AD. The resultant AD-Sds22 was transformed into strain AH109 along with different recombi-
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nant plasmids expressing a GAL4 DNA-binding domain (DNA-BD) with different kinetochore proteins, respectively. The co-transformed yeast cells were grown on synthetic defined plates with X-␣-Gal but lacking Leu, Trp, His, and Ade.
Antibodies and siRNAs-Primary antibodies used in this study were: Anti-Sds22 goat polyclonal antibody (sc-162164; Santa Cruz Biotechnology), anti-PLK1 mouse monoclonal antibody (377100; Life Technologies), and anti-centromere antibody (HCT-0100; ImmunoVision). Anti-GST tag (2625), anti-Ser(P) 7 CENP-A (2187), and anti-CENP-A (2186) antibodies were purchased from Cell Signaling Technology. AntiBubR1 antibody (612503) was purchased from BD Biosciences. Anti-FLAG antibody (F1804), anti-tubulin antibody (DM1A, T9026), and anti-GFP antibody (G6539) were purchased from Sigma-Aldrich. For all Western blots, the signals were detected using horseradish peroxidase-conjugated goat antimouse, sheep anti-goat, or goat anti-rabbit antibodies (Jackson ImmunoResearch). FITC-and rhodamine-conjugated secondary antibodies were also obtained commercially (Jackson ImmunoResearch).
Sds22 siRNA (synthesized by Shanghai GenePharma Co., Ltd) targeting to the 3Ј-UTR (5Ј-AUCGUCAGUGCCUUUA-UUG-3Ј) of Sds22 gene was used. PLK1 shRNA targeting the 3Ј-UTR (5Ј-CCGGAGCTGCATCATCCTTGCAGGTCTCG-AGACCTGCAAGGATGATGCAGCTTTTTT-3Ј) of PLK1 gene was purchased from Sigma-Aldrich (TRCN0000011006).
Cell Culture, Transfection, and Drug Treatments-HeLa and HEK293T cells, from American Type Culture Collection, were cultured and maintained in advanced DMEM (Invitrogen) with 10% (v/v) FBS (HyClone), 2 mM glutamine, and 100 units/ml penicillin plus 100 g/ml streptomycin (Invitrogen) at 37°C with 8% CO 2 . HeLa cells were transfected with plasmids, siRNA (usually 100 nM), or shRNA using Lipofectamine 2000 (Invitrogen). For mitotic synchronization, the cells were blocked at G 1 /S phase in 2 mM thymidine (Sigma-Aldrich) for 16 h, followed by release in fresh medium for 7-9 h. In some specific experiments, the cells were treated with indicated inhibitors for another 1 or 2 h, wherein Hesperadin was used at 100 nM, and BI 2536 was used at 10 nM, and MG132 was used at 20 M.
Immunofluorescence Microscopy and Data Analyses-Cells grown on coverslips were fixed with 3.7% formaldehyde (Sigma-Aldrich) in 60 mM PIPES, 25 mM HEPES, pH 6.9, 10 mM EGTA, 2 mM MgCl 2 , 4 M glycerol, and PBS at 37°C for 10 min. After formaldehyde fixation, the cells were subsequently permeabilized with 0.1% Triton X-100 in PBS at room temperature for 10 min. Following a 30-min block in 1% BSA and incubation with primary antibodies at room temperature for 1 h, the cells were incubated with secondary antibodies for another 1 h. After staining with DAPI (Sigma-Aldrich) for 1 min, coverslips were mounted in Vectashield mounting medium (Vector). The images were acquired using Olympus 60ϫ/1.42 Plan APO N objective on an Olympus IX71 microscope (Applied Precision Inc.). Deconvoluted images from each focal plane were projected into a single stack montage using SoftWorx software (Applied Precision).
Fluorescence Intensity Quantification-For fluorescence intensity quantification of the level of kinetochore-associated protein, the kinetochore staining signals were measured with ImageJ software (National Institutes of Health), according to the procedures described previously (46) . In brief, the average pixel intensities from at least 50 kinetochore pairs from five cells were measured, and background pixel intensities were subtracted. The pixel intensities at each kinetochore pair were then normalized against anti-centromere antibody pixel values to account for any variations in staining or image acquisition.
FRET Assay-Live fluorescence ratio imaging was collected using a Deltavision wide field deconvolution microscope system (Applied Precision Inc.) built on an Olympus IX-71 inverted microscope base equipped with Photometric Coolsnap HQ2 CCD camera as described previously (20), using 60ϫ/NA1.42 PlanApo oil immersion lens (Olympus). For live cell imaging with FRET sensors, CFP was excited at 436 nm, whereas CFP and YFP (FRET channel) emissions were acquired at 470 and 535 nm, respectively. For YFP channel, YFP was excited at 500 nm, and YFP emission was acquired at 535 nm. The FRET emission ratio (FRET/CFP) was calculated by dividing CFP ex /CFP em (CFP) to CFP ex /YFP em (FRET) using SoftWoRx (Applied Precision Inc.). For statistical analyses, individual centromere/kinetochore was defined automatically from confocal image stacks, and FRET emission ratio on each centromere/kinetochore was measured as previously described (47) . The ratios were normalized by dividing by the maximum value of FRET emission ratio for each experiment. According to the design of the FRET-based sensors, a higher FRET emission ratio indicates a lower kinase activity.
Live Cell Microscopy and Data Analyses-Live cell imaging was performed as described previously (48, 49) . In brief, the cells were cultured in MatTek glass-bottomed dishes (MatTek) in CO 2 -independent medium (Gibco) containing 10% (v/v) FBS and 2 mM glutamine in a sealed chamber heated to 37°C and observed under a DeltaVision deconvolution microscope , and MBP-Sds22 5D showed higher binding efficiency with GST-PP1␥ (lane 10). B, association of PP1␥ with Sds22. Aliquots of HEK293T cells were transiently transfected to express various GFP-tagged Sds22 plasmids with FLAG-PP1␥. 36 h after the transfection, the cells were lysed and precipitated with FLAG-M2 agarose beads as described under "Materials and Methods." Note that Sds22
5A -GFP association with PP1␥ is weak. C, Sds22 inhibits PP1-mediated dephosphorylation of Aurora B Thr(P) 232 in a dose-dependent manner. PP1 specifically dephosphorylates Aurora B Thr(P) 232 . Recombinant, autophosphorylated Aurora B was incubated either alone or with PP1 plus purified Sds22 at indicated concentrations. -Phosphatase (-PPase) was used as a positive control. Phosphorylation of Aurora B Thr(P) 232 was detected by Western blot with phospho-specific antibodies. Equal loading was monitored by GST blot. D, enzymatic kinetics of PP1-mediated dephosphorylation of Aurora B Thr(P) 232 Immunoprecipitation and MBP Pulldown Assay-For immunoprecipitation, HEK293T cells were transfected with indicated plasmids, collected, and lysed in a lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl; 1 mM EDTA) containing 0.1% Triton X-100 in the presence of mammalian protease inhibitors mixture (P8340; Sigma-Aldrich). After clarification by centrifugation, cell lysates were incubated with FLAG M2 beads (F2426; Sigma-Aldrich) at 4°C rotating for 3 h. In immunoprecipitation of endogenous PLK1, HeLa cell lysates were incubated with IgG or PLK1 antibody at 4°C rotating for 4 h followed by extended incubation with protein A/G microbeads for another 1 h. After incubation, the beads were washed three times with lysis buffer containing 0.1% Triton X-100, washed one time with lysis buffer, and then boiled in 1ϫ SDS-PAGE sample buffer. The bound proteins were separated on an SDS-PAGE gel and transferred onto nitrocellulose membrane for Western blotting analyses.
Pulldown assays were carried out as described previously (45) . Briefly, the GST-tagged proteins in the soluble fraction were purified from bacteria by glutathione-agarose chromatography and then eluted by GST elution buffer (50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0), whereas MBP-tagged proteins were purified using amylose beads. MBP-tagged proteinbound Sepharose beads were incubated with purified GSTtagged proteins for 1 h at 4°C. After incubation, the beads were washed three times with PBS containing 0.1% Triton X-100 and one time with PBS and then boiled in 1ϫ SDS-PAGE sample buffer. The bound proteins were separated by SDS-PAGE followed by Coomassie Brilliant Blue (CBB) staining or Western blotting analyses using GST antibody.
In Vivo Phosphorylation-HeLa cells were transfected with FLAG-Sds22 for 24 h. For mitotic synchronization, the cells were arrested at prometaphase in 100 ng/ml nocodazole for 18 h. The mitotic cells were collected and divided into two groups: one was treated with DMSO, and the other was treated with BI 2536 (10 nM) for 30 min in the presence of 20 M MG132. After being pelleted and washed one time with PBS, the cells were lysed in a lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA) containing 0.1% Triton X-100 in the presence of mammalian protease inhibitors mixture (P8340; Sigma-Aldrich). After clarification by centrifugation, cell lysates were incubated with FLAG M2 beads (F2426; Sigma-Aldrich) at 4°C rotating for 3 h. After incubation, the FLAG M2 beads immunoprecipitated with proteins were washed three times with lysis buffer containing 0.1% Triton X-100 and one time with lysis buffer and then boiled in 1ϫ SDS-PAGE sample buffer. The bound proteins were separated by SDS-PAGE for CBB staining. The target FLAG-Sds22 bands were cut from the SDS-PAGE gel for phosphorylation site identification using two-dimensional LC/MS techniques (ProteomeX-LTQ 10954; Thermo Fisher Scientific).
In Vitro Phosphorylation-In vitro phosphorylation assays were carried out as described previously (49) . The PLK1 kinase (7728) was purchased from Cell Signaling Technology. The kinase reactions were performed in 40 l of 1ϫ kinase buffer (25 mM HEPES, pH 7.2, 50 mM NaCl, 2 mM EGTA, 5 mM MgSO 4 , 1 mM DTT, 0.01% Brij35) containing 200 ng of PLK1 kinase, 1 mg of MBP-tagged proteins, 5 Ci of [␥-32 P]ATP, and 50 M ATP. The mixtures were incubated at 30°C for 30 min, and the reactions were stopped with 5ϫ SDS-PAGE sample buffer. Proteins were separated by SDS-PAGE and detected by subsequent autoradiography.
In Vitro Dephosphorylation Assays-PP1 (P0754S) was purchased from New England Biolabs (Beverly, MA). FLAG-Sds22 was expressed in HEK293T cells, affinity-purified using FLAG M2 beads (F2426; Sigma-Aldrich), and eluted using 3ϫFLAG Peptide (F4799; Sigma-Aldrich) to generate full-length Sds22 protein. Autophosphorylated GST-Aurora B was purified as described (32) . 5 pmol of autophosphorylated GST-Aurora B was incubated with 0.5 pmol of PP1 without or with the indicated concentration of Sds22 in 1ϫ NE buffer for protein metallophosphatases (P0754S; New England Biolabs), supplemented with 1 mM MnCl 2 and 1 mM protease inhibitors at 30°C for 15 min, according to the procedures described previously (32) . -Phosphatase was used at 40 pmol as a positive control. The reactions were stopped with 5ϫ SDS-PAGE sample buffer. Proteins were separated by SDS-PAGE, analyzed by Western blots with Aurora B Thr(P) 232 and GST antibodies, and visualized with ECL reagent (Thermo Scientific Pierce) on a LAS400 imaging system (GE Healthcare). Signal intensities were quantified using ImageJ software (National Institutes of Health), according to the procedures described previously (45) . GSTAurora B dephosphorylation was determined by measuring the dephosphorylation in the presence of PP1/Sds22 and subtracted from the experiments in the absence of PP1/Sds22. The data were fit to the Michaelis-Menten equation to derive apparent V max and K m with the GraphPad Prism software as described previously (50) .
Statistical Analyses-To determine significant differences between means, unpaired Student's t tests assuming unequal variance were performed. Differences were considered significant when p was Ͻ 0.05.
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